The effect of simulated hyperglycaemia on bovine retinal pericytes was studied following culture of these cells for 10 days under normal (5 mmol/1) and elevated (25 mmol/1) glucose conditions in the absence of endothelial cells. Pericytes cultured under high ambient glucose exhibited both a delayed and reduced contractile response following stimulation with endothelin-1. Stimulation with 10 7 mol/1 endothelin-1 for 30 s caused significant contraction in cells grown in both 5 mmol/1 and 25 mmol/1 glucose. The former also contracted significantly with 10 -8 mol/1 endothelin-1. Further, at all concentrations tested, statistical comparison of the time course of contraction showed a significant difference (p < 0.02) in the reduction of planimetric surface area between the two cell groups. Since neither binding of endothelin-1 nor the number of receptors for this peptide were significantly different (p > 0.1) between bovine retinal pericytes grown for 10 days under normo-or hyperglycaemic conditions, it became apparent that the altered contractility in bovine retinal pericytes following culture in high glucose must be due to post-binding intracellular disturbance(s). Indeed, both basal and 15 s post-stimulation with 10-8 mol/1 endothelin-1, levels of inositol trisphosphate were significantly reduced (p < 0.05 andp < 0.02, respectively) in pericytes cultured for 10days in 25 mmol/1 glucose. These results show that endothelialindependent alterations in contractility of pericytes occur when they are grown in conditions which simulate hyperglycaemia. The results also suggest that the observed attenuation in response to endothelin-1 stimulation evident in pericytes grown under simulated hyperglycaemic conditions is not due to alterations in peptide binding. [Diabetologia (1994) 37: 36-42] Key words Retinal microvascular pericytes, hyperglycaemia, endothelin-1, inositol (1,4,5) trisphosphate.
became apparent that the altered contractility in bovine retinal pericytes following culture in high glucose must be due to post-binding intracellular disturbance(s). Indeed, both basal and 15 s post-stimulation with 10-8 mol/1 endothelin-1, levels of inositol trisphosphate were significantly reduced (p < 0.05 andp < 0.02, respectively) in pericytes cultured for 10days in 25 mmol/1 glucose. These results show that endothelialindependent alterations in contractility of pericytes occur when they are grown in conditions which simulate hyperglycaemia. The results also suggest that the observed attenuation in response to endothelin-1 stimulation evident in pericytes grown under simulated hyperglycaemic conditions is not due to alterations in peptide binding. [Diabetologia (1994) 37: 36-42] specific interactive system for the control of retinal blood flow [2] . ET-1 was first characterized and sequenced from the supernatant of cultured porcine aortic endothelial cells by Yanagisawa et al. [3] . It is the most potent vasoconstrictor known, causing contraction of vascular strips from humans and experimental animals in vitro [4] , and is highly effective at the microcirculatory level [5] . We have previously demonstrated that ET-1 induces rapid increases in intracellular inositol (1, 4, 5) trisphosphate [Ins (1, 4, 5) P3] levels in cultured retinal pericytes and causes a sustained contraction response in these cells [6] . ET-1 also acts as a co-mitogen in pericytes in the presence of low levels of fetal calf serum [6] . These findings underline the importance of ET-1 as a paracrine modulator of pericyte function and replication.
Maintenance of normal vascular tone and the control of blood flow within tissues is a result of finelytuned responses of the effector cells (which are the smooth muscle or its analogue in the microvasculature, the pericyte) to neural and humoral stimuli and endothelium-derived factors. The presence of an intact endothelium in vascular preparations has been shown to be a prerequisite for the induction of the vasodilator response to substances such as acetylcholine [7] which cause a release of endothelium-derived relaxing factor ( E D R F ) from endothelial cells [8] . In contrast, a variety of vasoactive agents, both dilator and constrictor, can also act on the effector cells independently of the endothelium [7, 9] . Vascular tissues derived from animal models of diabetes [10] and blood vessels incubated in vitro in a milieu containing high glucose concentrations [11] show reduced relaxation with acetylcholine. However, no abnormality of relaxation was seen with the calcium ionophore A23187 which is also endothelium-dependent [11, 12] nor with sodium nitroprusside which is endothelium-independent in its action [12] . McVeigh et al. [13] have provided evidence for reduced relaxation to both endothelium-dependent and endothelium-independent stimuli in Type2 (non-insulin-dependent) diabetic subjects. In Type 1 (insulin-dependent) diabetic patients Halkin et al. [14] found no difference in the relaxation caused by an analogue of acetylcholine or sodium nitroprusside in forearm vessels when compared to control subjects. By contrast, in short-term diabetes in an animal model others have provided evidence consistent with increased production of E D R F and increased vascular relaxation [15] . Thus, the relative roles of the endothelial and muscle cells in vascular dysfunction in diabetes are unclear.
In diabetes changes in retinal microcirculatory haemodynamics can occur early in the disease [16] preceding structural abnormalities [17] suggesting that functional abnormalities of either endothelial or contractile effector cells or both may be implicated in the early stages of diabetic microangiopathy. It is also known that the hyperglycaemia of diabetes causes glycation of membrane proteins which may result in the modification of receptor density and structure, thereby interfering with the binding of agonists and so impairing transmembrane signalling [18] . In view of the above the aim of the present study was to investigate the effect of high glucose concentrations on the contractility of cultured retinal microvascular pericytes in the absence of endothelial cells. ET-1 induced contraction, the binding of 12SI-ET-1 to cell-surface receptors, and subsequent second messenger generation have been measured in microvascular pericytes propagated in conditions simulating normo-and hyperglycaemia. 
Materials and methods

Cell culture
Bovine eyes were obtained from the abattoir, and the retinae isolated and homogenised. The microvascular fragments were subjected to microscopically controlled enzyme digestion and collected on a 53 gm mesh as described by Gitlin and D'Amore [19] . The fragments were propagated in 25 cm 2 flasks (Falcon, Becton Dickinson UK Ltd, Cowley, UK) in Dulbecco's modified Eagles medium (DMEM, Gibco, Paisley, UK) containing 15 % fetal calf serum (FCS; Gibco, Paisley, UK), and antibiotics as previously described in detail [6] . Bovine retinal pericytes (BRP) formed a confluent layer within 14 days, and were stained for muscle-specific actins using immunocytochemical techniques to confirm their identity. The lack of staining to monoclonal anti-factor VIII and polyclonal anti-endothelin in such cultures was used to confirm the absence of endothelial cells which are the only likely contaminants. 
Iodination of ET-1
Radiolabelled ET-1 was prepared using the Iodogen reagent. Briefly, ET-1 was incubated with Iodogen (Pierce & Warriner,
[UK] Ltd., Chester, UK) and Na125I (Amersham, Little Chalfont, UK) for 20 min at room temperature i'n 50 retool/1 phosphate buffer (pH 7.2). The reaction mixture was then purified by reverse phase HPLC on a Waters C18 uBondapak HPLC system. Suitable fractions were stored in an equal volume of 1% (volume/volume) acidified ethanol at -20~ The specific activity of stored aliquots was determined by the method of Morris [22] .
fered inhibition of growth on a par with that reported by others [20, 21] . Adjustment of the osmolality of the medium containing 5 mmol/1 glucose to that of medium containing 25 mmol/1 glucose with mannitol did not influence cell growth.
Studies on planimetric surface area measurements
Pericytes were seeded on to 35 mm petri dishes at 2 x 10 4 cells per dish in DMEM 10% FCS and maintained in 5 mmol/1 or 25 mmol/1 glucose for 10 days. Cells were maintained in serumfree medium for 24 h prior to stimulation. The plates were placed on a Nikon phase microscope fitted with a warming stage which was maintained at 37 ~ The cultures were washed with Hank's balanced salt solution (HBSS). At zero time fresh DMEM containing the desired concentration of ET-1 (Cambridge Research Biochemicals, Cambridge, UK) was added. The cultures were subjected to continuous time-lapse video recording for 5 rain from the beginning of stimulation with ET-1. All video tapes were coded and given to the observer in blinded fashion. Using a frame grabber, recordings generated at 0, 0.5, 1, 2, 3 and 5 min were analysed on a Kontron Vidas image analyser. Planimetric cell surface area was measured by means of a handheld cursor which was used to outline the perimeter of each cell.
In some experiments cells were pre-relaxed with forskolin 10 5 mol/1 (Sigma Chemical Co., Poole, UK) (an elevator of intracellular cyclic adenosine monophosphate) for 10 min before stimulation with ET-1.
Binding experiments
Pericytes were seeded at an initial density of 2 x 10 4 cells per well in 24-well plates in DMEM containing 5 or 25 mmol/1 glucose for 10 days. Cells were serum starved for 24 h prior to carrying out binding studies. All incubations were performed in the following medium: 140 mmol/1 NaC1, 4 mmol/l KC1, i mmol/1 Na2HPO4, I mmol/1MgCt2, 1.25 mmol/1 CaC12, 11 mmol/1 glucose, 5 mmol/1 Hepes (pH 7.2), and 0.2 % BSA. The wells were washed with r -125
binding buffer and incubated in va ious concentrations of I-labelled ET-1 either for 16-24 h at 4~ or 90 min at 37 ~ in the presence or absence of an excess of cold peptide. Replicates numbered 2-6 in different experiments. Cells were washed twice with ice cold medium and then lysed using 0.1 tool/1 NaOH. Radioactivity associated with lysed cells was counted on an NE 1600 gamma counter. Specific binding was calculated as total binding minus non-specific binding in the presence of 10-7 mol/1 unlabelled ET-1. The binding of labelled ET-1 to BRP was analysed by the method of Woolf [23] .
Inositol (1,4,5) trisphosphate measurements
BRP from a common cell pool were seeded at 2. [24] . Ins(1,4,5)P3 measurements were performed using a commercial radioreceptor assay kit (Dupont UK Ltd., Stevenage, UK).
Statistical analysis
Statistical analysis was performed using Spearman's Rank correlation coefficient, Wilcoxon test for matched pairs and the paired t-test as appropriate.
Results
Planimetric surface area
We have previously shown a dose and time-dependent reduction in planimetric surface area in pericytes following stimulation with ET-1 [6] . 
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Discussion
The results of this study demonstrate clearly that contractility of BRP can be affected by high ambient glucose concentrations independently of any effect of glucose on endothelial cell function. Exposure of retinal pericytes to 25 mmol/1 glucose for 10 days caused an attenuation of contraction to ET-1 and significantly higher concentrations of the peptide were required to elicit a demonstrable response when compared with cells maintained in 5 mmol/1 glucose. Forskolin, which stimulates adenylate cyclase can dilate constricted arteries under certain conditions [25] and was used in part of the present study to relax pericytes prior to stimulation with ET-1. This was in an attempt to rule out a precontracted state in cells maintained in high glucose concentrations as a reason for their reduced response to ET-1. An enhanced intensity of response to ET-1 following exposure to forskolin was seen in cells propagated in both normal and high concentrations of glucose. However, the differential in the response was unaltered, ruling out a pre-contracted state or increased cell tension as the major reason for the reduced contraction seen in cells exposed during culture to high glucose concentrations. To our knowledge the present work represents the first direct demonstration of reduced contractility to the potent endothelium-derived vasoconstrictor ET-1 in microvascular pericytes. It has been suggested that the regulation of vascular tone by the endothelium is altered in diabetes. However. such evidence is controversial as some investigators have shown reduced [13] , unaltered [14] or enhanced [15] endothelium-dependent relaxation. Our study, although examining the effect of a vasoconstrictor derived from the endothelium in vivo, was carried out in an in vitro model independent of the endothelium. The results provided by the present experiments show that whatever the effect on the endothelium, hyperglycaemia may have a direct effect on the function of the effector ceils of the retinal microvessels.
The next question was whether the altered contractility to ET-1 at high glucose concentrations was due to changes at the receptor binding or postbinding level or both. A fairly prolonged exposure to high concentrations of glucose may result in glycation and crosslinking of cell surface proteins and cause non-specific reduc-tion in receptor expression for a number of peptides [26] . However, in the present experiments where pericytes were exposed to 25 mmol/1 glucose for relatively short periods of time, there was no reduction in either the Kd or the number of binding sites for ET-1 compared to cells grown in 5 mmol/1 glucose: it was also the case for pericytes grown for up to 21 days in high glucose (unpublished observations). This suggested that the altered responsiveness of pericytes grown in 25 mmol/1 glucose to ET-1 was due to changes in postbinding phenomena.
Following binding to its receptor ET-1 stimulates the production of Ins(1,4,5)P3 and diacylglycerol (DAG) through phospholipase C induced hydrolysis of PIP2. Previous work has shown that sodium-dependent, ouabain-sensitive myoinositol uptake in BRP is inhibited by elevated glucose concentrations [27] . This results in a decrease in their myoinositol content and is associated with a reduction of both their basal PIP2 levels and phospholipase C activity [28] . In view of the presumed reduction of both the substrate (PIP2) pool and phospholipase C activity it was not surprising that basal Ins(1,4,5)P3 and Ins(1,4,5)P3 levels at the earliest time point after ET-1 stimulation (15 s) were lower in cells cultured in 25 mmol/1 glucose than in those cultured in 5 mmol/l glucose. At 30 s post-stimulation Ins(1,4,5)P3 levels in cells cultured in 25 retool/1 glucose were also lower than those in 5 mmol/1 glucose but the difference was not significant. A mass Ins(1,4,5)P3 radioreceptor assay was used instead of tracer labelling with 3H myoinositol to avoid the problems associated with different sized substrate pools. In another report which appeared while this paper was in preparation, ET-1 10-7 mol/1 had no significant effect on Ins(1,4,5)P3 levels in pericytes which had been cultured for 6-8 days in medium containing 25 mmoi/1 glucose while causing a marked increase in cells grown in 5.5 mmol/1 glucose [29] . These authors did not quote absolute values for Ins(1,4,5)P3 nor state whether basal values for cells grown at 5.5 mmol/1 and 25 mmol/1 glucose differed from each other. However, their results and ours would both be consistent with the proposition that reduced contractility in response to ET-1 of pericytes grown in 25 mmol/1 glucose is related to events which occur following binding of ET-1 to its receptor and not to altered binding itself.
In this study we have analysed only the very early biochemical steps following PIP2 hydrolysis which produce equal amounts of Ins(1,4,5)P3 and DAG. High glucose concentrations have been shown to cause activation of protein kinase C (PKC) in mesangial cells [30] (which resemble pericytes morphologically) and in vascular smooth muscle cells [31] . Activation of PKC under these circumstances is at least in part due to de novo synthesis of DAG [32, 33] from glucose which is independent of agonist-induced PIP2 hydrolysis. The only report of DAG and PKC measurements in pericytes under these conditions are a little difficult to in-41 terpret in that under basal conditions total DAG measurements did not differ between cells grown at 5.5 mmol/1 and 25 mmol/1 glucose but the PKC activities of the latter group of cells were approximately double the level of those grown at 5.5 mmol/1 glucose [29] . Further work is clearly indicated to unravel the later sequence of events in these cells following ET-1 stimulation.
The present work has shown that exposure of microvascular pericytes grown in culture under conditions of high glucose concentrations have a reduced contractile response to ET-1. Since the pericytes are grown in the absence of endothelial cells the effect is not secondary to endothelial cell dysfunction. Future studies will be aimed at clarifying endothelial cell-mediated pericyte responses in co-cultures maintained under conditions of simulated hyperglycaemia.
